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ABS TRACT 


An investigation was conducted to determine the tenperature 
recovery factors for laminar boundary lnyer on a cone at free strean 
Mach numbers from 5.6 to 5.9. The investigation was conducted in the 
GAICIT 5" x 5" continuouseflow, closedecircuit wind tunnel (Leg lio. 1). 
Two twenty degree cone models about three inches in length were uscd. 

One model. was composed of a ceramic core with a thin (0.010" to 0.015") 
steel suxface, and the second was a hollow copper shell of 0.005" thick- 
nNOSSe 

One=phase and two-phase (condensation) flow conditions were 
investigated. Temperature recovery factors were determined from the data 
obtained from the tests conducted with one-phase airflows. the ratios of 
the temperatures recovered on the cone surface to the respective stage 
nation temperatures were computed from the data obtained in the twoephase 
airflow investigations and were compared with these ratios for the one- 
phase airflows. 

The local temperature recovery factors for the laminar boundary 
layer were detemzined to be 0.844 = 0.008 for Reynolds nwibers fron 2.1 
x 10+ to Sol, x 10°. For this range of Reynolds numbers the recovery 
factor was found to be independent of the Reynolds number, The ine 
dependence of the recovery factor on the Mach number was substantiated 
(by comparison with results of previous investigations at lower Mach 
numbers) for Mach numbers up to 569. The ratios of the temperature 
recovered on the cone to the stagnation temperature were found to be the 


same for one and two-phase airflows. 


143, 





The square root of the Prandtl] number evaluated at the mean of 
the tenperatures of the cone surface for the various fllow conditions 
investigated was found to be less than one per cent lower than the mean 
of the experimental temperature recovery factorse 

The results of this investigation are in agreenent with those of 
previous investigations at lower Mach numbers and, within the linits of 


experimental accuracy, verify theoretical solutions. 
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Le GUTRODUCTION 


The attaiment of supersonic velocities by current missiles and 
piloted aircraft ani tne possibility that within a few years the 
velocities may be in the hyvversonic range have brousht forth a new 
problen in aircraft cesign, This problen is the aerodynanic heating 
of high-speed vehicles. 

Inasmuch as the strength and creep rate of the present standarc 
aircraft structural metals are seriously affected by moderate tenper= 
ature increases, the structural engineer must look for alloys having 
better hish temperature properties. In order to do this intelligently 
he must be snpplied with accurate information as to the tenperatures 
to be expected at high velocities, 

ihe purpose of this investigation was to detemine exverinentally 
the temperature recovery factor for a laminar boundary layer on the 
insulated surface of a cone, This recovery factor is a dimensionless 
quantity which represents the portion of the flow stagnation tenpecrature 
which will be recovored on the surface of the cone. 

in particular, it was clesired to obtain the local tenperature 
recovery factor, ‘This recovery factor is defined as the ratio of the 
difference between the surface and local (just outside the boundary 
laver) temperatures to the difference between the stagnation amd local 
temperatureSe 

The aerodynamic eating of an insulated surface is a function of 
the temperature of the airstream just outsido the boundary layer, the 
amount of viscous energy dissipated in the boundary layer, and the 


radiation of the surface, the temperature of the air outside the boundary 





layer is a function of the airflow local velocity, wiich in turn is a 
function of the deflection of the airstream due to the presence of whe 
surface. Investigation of this parameter has beon elininatedc in this 
investigation by defining the recovery factor in tems of the local 
temperature instead of the free strean temerature upstream of the model. 
Therefore, the results determined were general and may be compared with 
the results of other investigations involving models of different shapes. 

The viscous energy dissipated in the boundary layer is dependent 
on the character of the boundary layer. it has been found in previous 
investigations in this field that the recovery factors for a laninar 
boundary layer are essentially constant and independent of Mach number 
and Reynolds number, The recovery factors for a fully turodulent boundary 
layer have also been determined to be constant but higher than for the 
laminar case due to the eddy action in the boundary layer. 

Previous experinental investigations (Refs. 1 - 6) have been 
conducted for free strean tach numbers from one to five, ‘The recovery 
factors for laninar boundary layers on cone models determined in these 
investigations have verified the theoretical result as postulated by 
Pohlhausen (Ref. 10) and others, The theoretical value for these 
recovery factors is close to the square root of the Prandtl number, which 
for the temperatures involved was about 0.845. It was, therefore, the 
purpose of this investigation to determine the laninar boundary layer 
temperature recovery factors fox a Mach number of approximately six, to 


extend the existing data in the higher Mach number range. 





IZ. DESCRIPTION OF ADCAR’ TUS AND TEST PROCEOURKS 


A. 5" " lynersoni.c Wind Tuxmel 


Tho investigation was conducted in Leg lio, 1 of the GALCIT five- 
inch hypersonic wind tunnel with nominal ilach number six fixed nozzle 
blocks installed, ‘This is a continuous-flow, closedecircuit wind tunnel 
powered by thirteen Fuller rotary compressors wich were arranged for 
five pueden stages, Five la shows the compressor plant control 
panel, the stagnation pressure indicator, and the stagnation tenperature 
controller and indicator. Fige 2 is a schematic diagram of the wind 


tunnel and power plant. 
Be Instrmentation 


Fige lb shows the temperature and pressure measuring equipnent 
used in this investigation, A direct-reading, self-balancing Brown 
PotentiometerePyroneter, calibrated in degrees Fahrenheit, was used for 
the cone surface temperature measurements. The stagnation temperature 
was automatically recorded every forty-five seconds by a Minneapolis- 
HoneywelleBrown stagnation temperature controller=recorder, ‘dhe nozzle 
and cone surface static pressures were measured on a silicone fluid 
manoneter banke ‘The vacuum side of the manoncter was maintained at a 


pressure of from two to four microns of nercury absolute. 
C. Insulated Cone Models 


Fige 3 is a schematic diasram of the steel cone model, The 
thermocouples wore located under the surface at distances fron the tip 


measured along a ray of 0.49", 1.29", 1.89", and 2el;". Three static 





pressure orifices were located as follows: ‘the first 1.2" from the tip 
on one ray, the second 2.2)" on the same ray, and the third 2.24" on 
the opposite ray. The cone vertex angle was 20.15 . 

The core of tho model is a casting composed of two parts sta- 
bilized zirconia to one part Sauereisen filler and cement. Those matcrials 
were chosen for their low heat capacity, low thermal conductivity, and 
good hich temperature properties. Both of the component materials can 
withstand temperatures in excess of 2000°F. ilo figures are available 
for the thermal conductivity of the combination, The low density and 
porcus nature of tho material, however, indicated lower thermal cone 
ductivity than for any other material considered. 

The core casting contained the pressure orifice tubes, the model 
sting, and the four copper-constantin thermocouples. ‘the thermocouple 
junctions wore at the surface of the casting. 

The metallic surface of the cone consisted of a flash coating of 
sprayed zinc and a heavier coating of sprayed 0.25 carbon steel. ‘the 
conical surface was obtained by turing and polishing on a lathe, and 
the point of the cone was measured to have a radius of four to five 
thousandths of an inch, ‘The machining propertics of the low carbon 
steel made it virtually impossible to achieve a sharper point. ‘the 
resultant thickness of the netallic surface could not be measured 
directly, but it was estimated to be of the order of ten to fifteen 
thousandths of an inches 

The copper cone model consisted of a copper shell with a wall 
thickness of approxinately five thousandths of an inch, Four themo- 
couples, soldered to the inner surface of the shell, wore located at 


the same distances along a ray as were those of the stcel cone. Those 
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portions of the thermocouple lead-in wires that were exterior to the 


model were encased in a heavy saran tube. 
D. Mounting Assenb 


Pigs. and 5 show the details of the mounting of the model in 
the wind tunnel, The sting assenbly was connected to the two vertical 
modeleactuator rods by means of rolled melamine rods with a fibre glass 
filler, These plastic rods were used to minimize as much as possible 
any heat conduction from the model assembly to the tunnel walls. 

The thermocouple wires were led through the side of the wind 
tunnel by means of 2 cannon plug mounted in a brass tube which projected 
from the side of the tunnel (Cf. Fige 5). During the investigation a 
fan was turned onto the exterior of the brass tube and cannon plug. the 
resulting airflow kept the brass tube and cannon plug at a temperature 
vory close to that of the room, and, therefore, the thermocouple effects 
between the inner and outer junctions of the cannon plug were virtually 


elininated. 
Ee Test Outline and Procedures 


The Sollowing procedure was followed for each flow condition 
investigated: The tunnel was run wtil the temperature of the surface 
of the cone, as indicated by the surface thermocouples, reached its 
equilibrium value. At this time the cone surface temperatures, the 
flow stasnation temperature, and the cone surface and tunnel. test section 
static pressures were measured and recorded, Several complete sets of 
experimental data were recorded over a period of time to assure that 


equilibrium data were being obtained, 


-_ 
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Data wem obtained for the following flow stagnati.on teiperatures 


and pressures: 


To (CF) 


2/0 
267 
218 
260 
212 
213 
198 


117 
103 


Po (psia) 


115.2 
9526 
9545 
47 ols 
475 
15.655 
956 


95.6 
956 


Renarics 


One Phase Flow 
tt {% By 


Boundary Between Onee 
and Two=Phase Flow 


Two Phase Flow 
t§ t? ¢2 


Schlieren pictures (Cf. Fig. 5) were taken of the flow about the 


model for representative flow conditions to provide a means for a 


Qualitative investigation of the shock wave and the charecter of the 


boundary laycre 





TTT. 2ODUCTION OF DATA 


The following cvantities were obtained from the experinental data: 
i- = temperature of the model surface 
Ty, 7 flow stagnation temperature 
Dp, * free strean static pressure 
P, ™ cone surface static pressure 
P,,#* flow stagnation pressulte 
With the free stream Mach nunber (calculated using the P,/P, versus 
li relationship) and the cone vertex angle as paraneters, the wave angle 
of the conical shock was determined from the MIT Tables of Supersonic 
Flow around Cones (Ref. 7). Assuming the stagnation pressure rise 
through a conical shock to be the sate as that through a plane oblique 
shock for the sae Mach number and wave angle, the pressure ratio p,'/p ” 
was calculated. The ratio p/P » was then calevlated, and with this ratio 
the local Mach munber, ‘t 9 Was calculated fran the isentropic pressure 
reLationship.e 
For computational purposes, the expression for the local ten~« 
perature recovery factor was combined with the adiabatic energy equation 


and reduced to the following fom: 


Yol 2 ((¥ is assuned constant 
4 Tyo Q + a Mh, )-1 and equal to 1.40) 
“a My * 


An accuracy analysis (Cf, Appendix A) was made, considering all 
possible errors that might accumulate due to the limiting accuracy of 
the potentioneters, errors in manoneter readings, and errors accumulating 


in the reduction of the experinental data. This analysis indicated that 





if all the above errors were additive, the computed local temperature 
recovery factor might be in error by = 1% or = 0.008. 

The free stream Reynolds number was computed on the basis of free 
stream density, velocity, amd viscosity, and the lengths along the cono 
ray to the thermocouple locations, The Prandtl number was computed 


according to the method outlined by F. G. Keyes in Ref. 8. 





LVe DNSSCUSTION OF RESULGS 


Ae local Tamerature .eccovery Factor 


The primary results of this investigation are presented in Figs. 


7 and 8 and are swmarized as follows: 


Fg = 0, Qu: 4 0.008 
for Re. = 21x 294 to Seli & 10° 
M ©& 5,58 to 5.83 


i, © be7D to be96 


The temperature recovery factors plotted in Figse 7 and 8 and 
indicated above represent an average of the recovery factors cormuted 
from the data for each thermocouple, for cach flow comlition, These 
averages were believed to be moro indicative of the actual values than 
the individual calculated values would be, for the following reasons: 
It was difficult to read the stagnation temperature from the controller- 
recorder more accurately then to about one degree, This temperature 
as indicated by the controller had a tendency to drift sinusoidally at 
times as much as one degree in forty-five seconds. ithe controller 
recorder printed this temperature only once every forty-five seconds; 
thus, the question as to which point to record during a dataetalcing run 
presented itself, Since several complete scts of data were recorded at 
randon tines for each flow condition, it was believed that the average 
of these data would be the best estimate af the actual conditions. Had 
this averaging process not been used, the variation in r_ would have 


L 
been increased fron = 0.005 to - 0.006. 





1.0 


The two thermocouples nearest the base of the model consistently 
indicated temperatures from three to eleven degrees higher than the 
forward two. Schlieren photographs were taken of the flow about the 
model so that the boundary layer could be checked visually for a possible 
occurrence of transition on the model. These photographs, however, 
indicated that the boundary was laninar over the entire conical surface 
(Cf. Fige 6). 

A second investigation was made with thermocouples on the model 
sting and sting support. A channel was scraped into the metal on the 
base of the cone so that no direct metallic path by way of the base 
existed between the sting and the cone surface. The thermocouples on 
tne sting assembly indicated temperatures from thirty to forty degrees 
higher than on the cone. It was concluded that the apparent increase 
in the temperature at the base of the cone was due to heat conduction 
to the thermocouple junctions by way of the shorter thermocouple wires. 
This conclusion was born out when the conical surface of the model was 
immersed into boiling water and into ice water. In these cases, the 
forward two thernocouples indicated the correct temperatures and the two 
nearest the base indicated temperatures nearer room tenperature, With 
the model, including part of the sting, completely immersed, all 
thermocouples indicated the correct temperature. 

A third investigation was made using a copper cone modele the 
lead-in wires to this model were thermally insulated from the flow by a 
heavy saran tube. In this case, the temperatures indicated were quite 
consistent except for the last thermocouple, which was located avout 
" fron the base pluge 


In view of the above conditions, it wes decided that only ths data 
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obtained fron the forwaré tivo thermocouples for the steel cone and fron 
the forward three for the copper cone wcre renresentative of the actual 


temperatures at the cone surfaces 


Be Agreement with Existing Theory 


Theoretical analyses heve indicated that the tanperature recovery 
factor for a laminar boundary laver should be approximately equal to the 
square root of the Prandtl number. However, the Prandtl number was 
maintained as an independent paraneter in these analyses, and, terefore, 
the temperature at which this parancter should be evaluated was not 
specified. Fige & presents the tenperature recovery factors super- 
imposed on pilots of the square root of the Prandtl number versus ten- 
perature for the cone surface tenmneratures and the local temperatures. 
The experinentally determined recovery factors fell in the ranse between 
the square roots of the Prandtl nimbers evaluated at the temperatures of 


p! 


the cone surface, Pre”, and the air at the outer edge of the bowidary 
layer, Pr, The experimental recovery factors, ‘ys ecreed wath Pry! 
within Lede 

ihe values of the Prandtl mumber for the very low local temperatures 
(iu,° = 12 R) were computed according to the formulae used by Keyes 
(Ref. 8). The temperature ranuce involved was below that for wich the 
formlac for the air viscocity and heat conductivity were entirely 
Valid. These computed values, however, represont the best available 


estinate of the Prendtl number at low temveraturas. 


Ce Aproement with Previous Investigations 


Previous investigations of the temperature recovery factors for 





- 
hc 
: 


laminar boundax; Layers on cones (icfse 1 - i), for supersonic airflow, 


are summarized as follows: 


Investigators “ach Noe a 
Winbrow (Ref. 1) 1.5 0.845 = 0.008 
Z<0 0.855 = 0,008 
Sher (Ref. 2) 0.88 - 4.65 0.845 = 0.008 
dep Clers; Sternbers (Ref. 3) 2018 0.851 = 0.007 


Stine; Scherrer (Ref. )) 250 0.845 


These results agree with the results of this investigation within 
the limits of possible experinental and computational errors. [rom the 
foregoing, it was concluded that tne recovery factor is not a function 

£ Mach nunber for Hacn numbers below approximately six. This conclusion 
is valid for ilach numbers up to six in wind tunnels where the temper~ 
atures are low enough that dissociation of the air does not occir and 
the ratio of specific heats, ¥ , is essentially constant. 

The temperature recovery factors, as determincd by previous 
investigations (Refs. 5 and G) with flat plate models, are 0.8381 and 
0.98). DoLaucr (Ref. 9) deteriined the recovery factor for a flat plate to 
be 0.858 faralach nuiaber of avproxinately 5.9 in the GAICIT 5" x 5" 
hypersonic wind tunnel, The discrepancy between the cone and flat plate 


results has not been satisfactorily oxplained. 
De. Effect of Condensation 


The results of calculations of the local tempcrature or the local 
ilach number, using the availablic two.nhase relationships, are not 


sufficiently accurate for the calcvlations of the temperature recovery 





Seecwors. “inerefore, the recovery factor ror Wie twoepinse flow concitions 
wes not detemzined. However, it was noted that the ratios T/T, for 
the runs in which various finite degrees of condensation occurred, were 


the same as for the runs where the flow was entirely one-phase, 
EB, itiscellanicous vesults 


A very snall static pressure rise was noted on the surface of the 
cone with increasing cistance fran the tin, The pressures were measured 
at tuo stations, one inch apart, along a ray of the cone. The static 
pressure rise did not exceed 0.33%. The pressure orifices were well 
dowmstroean of the region avfected tn the leating edge shock wave-boundary 
aayer interaction. 

The shock wave angle was measured from the schlieren nhotocraphs 
amd was found to agree, within the accuracy of measurement, with the 
Snoek wave angle as determined by potential theory (Ref. 7). The shock 
Wave angle did not appear to be affected by the presence of condensation 


Wm the flow (Cf. Figs G6). 


ry. Roecormendations 


— 


im view of the difficulties encountered in this investigation, 
wo specific recommendations are mace wiun reference to model design and 
instrumentatione in the design of the model and components, Creat care 
must be taken to insure that the thermaccouple lead-in wires are 
effectively insulated from the high temeratures of turoulent or wake 
regions downstream of the model, This must be done to minimize the heat 


flow in the thermccouple wires, Also, the stagnation temperature and the 


wn 


rant h ) 7 sale ton tte! > ¥ iat: Vy eee, elaine, aa cP 
moult sake OD Ake Fea 6L2AC «€6SaMS nwt Ral 8 TDG 


feetsuecnt so that there will be cans‘istency in the veadings. ‘The valus 


t-> 


of interest in a investigation of this tpe is the ratio T,/T 9 Pather 
than the absolute magnitude of cither of the temperatures. If both 
temperatures are measured with the same instruient, the ratio T/T, 


Calculated would be essentially correct for small instrment errors. 
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Ve CONCLUSIONS 


The conclusions listed bclow were based on the res.lts of this 


investization except where otherwise indicated. It must be kept in 


mind that these conclusions. were determined for flow conditions as 


encountered in the wind tunnel, where the flow comiltions can be 


represented by the perfect gas laws and where dissociation of air duo to 


high temperature does not occur. 
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The local temperature recovery factor for a laminar 
boundary layer on a cone is 0.644 = 0.005 for lach 
nuibers fron 5.6 to 5.9. 

This laminar boundary layer recovery factor is 
independent of the Reynolds nunber for the ranze 

(2e1 x 104 to Sel x 10°) investigated. 

this recovery factor is also independent of the Hach 
munaber for Mach nunbers less than approximately six. 
This conclusion was based on a conparison of results 
with those of previous investigations at lower Mach 
numbers e 

The temperature recovery factor for a laninar boundary 
layer 1s approxinately equal to the square root of the 
Prandtl number as postulated by theory, 

The ratio, T,/f,, of the tenperature recovered on the 
surface of the cone to the stagnation temperature is 


essentially the sane for one and two phase airflows. 
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APPORDIN A 


ACCLRACY ANALYSIS 


The estinated maximm error of the individual measurements is 


as follows; 
Measurenent astinated laximun Basis of Estinate 
rrror 

Static Pressure = p Ol) mm of silicone Reading Error 

Stagnation Pressure = py less than 1% Calibration of Gage 

Cone Surface Temperature « 7, 1° Liniting Accuracy of 
Pyroneter amd Calie 
bration of Hodel 

Stagnation Temperature = T, 3°r Calibration of T 
Probe and Reading 
Error 


the accuracy of computed values, based both on the errors of the 
individual measurements and on the errors from tho use of craphs, tables, 


etc., is as follows: 


Quantity Calculated "rror 
Free Stream Mach Number - IM, less than 1% 
Local Mach Nunber - My less than 1% 


Local Temperature Recovery Factor = ry, = 1% or = 0,008 
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Fige 4a -- Cone Model 





Fige 4b -= Cone Model and Mounting Assembly 


CONE MODEL AND MOUNTING ASSEMBLY 
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Fige 5 
TEMPERATURE IKECOVERY CONE MODEL IN TEST SECTION 


OF GALCIT 5" x 5" HYPERSONIC WIND TUNNEL 








Fige 6a -=- One Phase Flow - M2 5.9 
(p, = 80 psig, T, = 266°F ) 





Fige 6b -- Two Phase Flow 
(p, = 80 psig, T, = WF) 


SCHLIEREN PHOTOGRAPHS SHOWING SHOCK WAVE 


AND BOUNDARY LAYER 
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FIG. 8a SQUARE ROOT OF THE SURFACE PRANDTL NUMBER, Pr. 2, 
AND LOCAL TEMPERATURE RECOVERY FACTOR, r, , 
VERSUS SURFACE TEMPERATURE 
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FIG. 8b SQUARE ROOT OF THE LOCAL PRANDTL NUMBER, Pr,” 


? 


AND LOCAL TEMPERATURE RECOVERY FACTOR, fr, , 
VERSUS LOCAL TEMPERATURE 
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